Using a time-resolved interferometric technique, we study the laser-induced carrier-trapping dynamics in SiO 2 and Ge-doped SiO 2 . The fast trapping of electrons in the band gap is associated with the formation of self-trapped excitons (STE). The STE trapping is doping dependent in SiO 2 . The mean trapping time of electrons excited in the conduction band was found to be significantly lower in Ge-doped silica (75 ± 5 fs) when compared to pure silica (155 ± 5 fs). At our concentration level, this indicates that the plasma properties are determined by the presence of easily ionizable states such as the presence of Ge atoms in the glass network. Therefore, we suggest that in Ge-doped silica there exist an additional trapping pathway that leads to a significantly faster excitons trapping and a higher plasma density when compared to undoped silica.
I. INTRODUCTION
A single processing tool is the manufacturer's dream for fabricating various components on a common substrate, enabling complete integration into functional and compact systems. Femtosecond lasers are seen as a viable contender for such a tool, at least at the design phase. Today advanced femtosecond laser systems offer a myriad of material interactions in silica-based glasses, from surface machining, to annealing, forming, and refractive index changes (isotropic or anisotropic) writing. 1, 2 Recently, other properties have also arisen, including chirality, 3, 4 directional dependent writing, [3] [4] [5] [6] glass decomposition, 7 nanocluster precipitation and shaping, 8 and elemental distribution with a subwavelength resolution. 7, 9 No other technique has the potential to realize 3D multicomponent photonic devices fabricated in one single step within a variety of transparent materials. These interactions potentially enable the development of a new generation of powerful, complex components for micro-optics, telecommunications, optical data storage, imaging, biophotonic, and much more. 10, 11 From the fundamental point of view, the development of femtosecond laser systems has prompted the investigation of many nonlinear physical phenomena, such as multiphotoninduced absorption, plasma formation, and avalanche ionization in glasses. Indeed, in the case of a multiphoton absorption (MPA), it is possible to achieve electronic interband transitions [from the valence band (VB) to the conduction band (CB)]. Specifically, for 800-nm infrared (IR) laser and pure silica glass it needs 5-6 photons. 12, 13 In such a case, multiphoton ionization (MPI) leads to free electron. Another process that leads to band-to-band transition is tunneling ionization produced by the distortion of the band structure under the electromagnetic field. Both processes are in competition, as described in Refs. 14 and 15. Once the free-electron density becomes nonzero, MPA-inducing high energy electrons lead to electron-electron collision processes, which increase further the free-electron density, creating plasma. Although point defects caused by such intense irradiation have been identified in fluorescence, electron spin resonance (ESR), and other studies, [16] [17] [18] the mechanism of formation of induced modifications in glass is not yet understood.
In an attempt to further resolve these matters, time-resolved experiments using frequency-based spectral interferometry have been performed in dielectric media and especially in silica. 12, 19, 20 This method is very powerful because it allows direct in situ observation of the modification of the dielectric function of the material due to the pump pulse in the first instant of the irradiation. From this, the lifetime of photoexcited carriers is measured, 20 and the electron-plasma density is extracted. Thus, in this paper, spectral interferometry is used to probe the temporal dynamics of a system perturbed by a single pump pulse. In particular the change of the electronicexcitation density has been compared in this way in two silica-based glasses: pure vitreous silica (SiO 2 ) and germaniadoped silica (GeO 2 :SiO 2 ), using various laser intensities from 1 TW/cm 2 up to 60 TW/cm 2 . In Ge-doped silica we would expect that the presence of easily ionizable states [for example, oxygen-deficient centers' (ODC) defects or Ge(1), i.e., a trapped electron on a fourfold-coordinated Ge] would impact laser-induced plasma kinetics. 21, 22 
II. EXPERIMENTS
In the experiment reported here, a Ti:Sapphire chirpedpulse amplified laser, with a pulse duration τ ∼ 60 fs, wavelength λ p = 800 nm, and a repetition rate = 20 Hz, were used. A shutter controlled by a computer selected individual pulses. A lens with focal length f = 20 cm, corresponding to a numerical aperture, NA = 0.02, was used to focus the pump laser beam. Notice that the high peak power of the laser pulses induces nonlinear propagation effects (e.g., self-focusing) that strongly distort the spatial and temporal profile of the laser pulse in a manner that is difficult to predict. 19 In the following we will thus roughly estimate the equivalent intensity in air. We estimate that the equivalent laser intensities in air range from 1 TW/cm 2 up to 60 TW/cm 2 .
The samples were pieces of 10 × 10 × 0.1 mm 3 synthetic silica (Suprasil Type I) or 4.9 w% Ge-doped silica with optical quality (<λ/10) polished surfaces. They were translated perpendicularly to the propagation direction of the pump and the probe beams to avoid multiple interactions, i.e., we realized single-shot measurements. The interaction region was onto the sample front face.
The frequency-based spectral interferometry technique involves two low energy probe pulses, separated in time by a delay τ , that is large compared to their duration and analyzed in a spectrometer. A schematic diagram of the experimental setup of a time-resolved interferometric measurement is shown in Ref. 20 . The laser-probe beam was split into two identical ("twin pulses") probe pulses and recombined together using a Michelson interferometer. The probe beams pass through an optical delay line and are transmitted through the dielectric sample. The geometry is neither collinear nor transverse to the pump; the average angle is θ ∼ 16 • off the pump-propagation direction. In our case the first pulse probes the system before the pump pulse and acts as a reference pulse. The second pulse probes the system at a finite delay τ , after the pump pulse. The perturbation, induced by the pump pulse, leads to a change (t), of the relative phase between the twin pulses. This phase shift , results in a distortion of the fringes in the interference spectrum of the stretched (through a monochromator) twin pulses, and the fringe contrast (proportional to transmittance) varies accordingly. Spectral interferometry uses this distortion to measure , which is a measure in the change in dielectric constant real part. The initial interferogram is acquired without any pump pulse to serve as reference. A second interferogram is measured while an intense pump pulse excites the dielectric between the reference and probe pulse. In this configuration the phase shift (t) is given by:
ω is the probe-beam wavelength, L is the length over which the probe and the pump beams overlap within the sample (≈80 μm in this experiment), and n(t) is the instantaneous change in the real part of refractive index that results from the pump-induced excitation. Note that by using the contrast of the fringes, spectral interferometry can also be used to extract the change in absorption coefficient (i.e., the change in the imaginary part of the refractive index). Notice that the plasma density is not homogeneous both in the propagation direction and the radial direction. 12, 19 We have thus chosen to probe an area without noticeable propagation effect. In addition it should be noted that this effect impacts our measurements in the same manner whatever doping may be (at our concentration level) since the nonlinear index n 2 does not change significantly. Our results can thus be compared. The reproducibility has been also checked.
III. RESULTS

A. SiO 2 glass
In Fig. 1 the black full-line curve corresponds to the measured phase shifts at 800 nm at 300 K in a SiO 2 sample for fixed-pump intensity around 15 TW/cm 2 . There are several possible origins for the corresponding refractive-index change after photo-irradiation of valence electrons in a glass matrix. 20 The first part of the curves contributes positively (analogous to a convex lens) to the phase shift because the nonlinear index is positive at the probe wavelength. It is observed in all materials and will occur as long as the pump and the probe pulses overlap in time within the sample. The delay corresponding to the maximum value of this term has been used to define the zero of our Ge-doped SiO 2 for the same pump intensity 15 μJ (or 15 TW/cm 2 in our experimental conditions). The indicated curve is for the difference between those two samples. The probe wavelength is 800 nm, and the sample temperature is 300 K. For sake of comparison, we add the probe-pulse shape in free space, i.e., 60 fs pulse duration. The full lines correspond to guides for eye. time delay curves. Notice that the full width at half maximum (FWHM) is much larger than expected from the convolution of the probe and the pump-pulse duration (≈60 fs). This temporal broadening (estimated to 85 ± 5 fs) is likely due to the groupvelocity dispersion in the optics during the beam pathway. The second part is proportional to N CB , the density of electrons in the CB, and is always negative. This term accounts for the observed negative phase shift shown in the curves. The last part stands for the density of trapped electrons N tr . Its sign is determined by the relative energy values of ω tr (the excitation energy of the trapping site) and ω. For the experiment described here, the observation of a positive phase shift at the end of the curves indicates that there is trapping of electrons. This means that the transient absorption band ω tr associated with the trapping site corresponds to higher frequency than the probe-beam frequency (ω tr > ω). Consequently the phase shift ∞ measured at a sufficiently large delay (≈1.5 ps) after the laser pulse allows us to calculate the density of electrons that has been previously excited, N tr , in the solid at the end of the laser pulse. 12, 20 
B. Ge-doped SiO 2 glass
In Fig. 1 the grey-dotted curve corresponds to the phase shifts measured at 800 nm in a 4.9 w% Ge-doped SiO 2 sample for fixed-pump intensity around 15 TW/cm 2 . First we observed a positive phase shift due to the Kerr effect that is not significantly modified when compared to SiO 2 . This is in agreement with the nonlinear index n 2 that was found to depend with the Ge content as follows: n 2 10 −20 m 2 /W = 2.76 + 0.0974.x, where x is the GeO 2 concentration in mol%. 23 The change in nonlinear index is thus known to be less than 10% and is quite negligible. The Kerr effect is immediately followed by a negative phase shift (proportional to N CB ) that is significantly larger than in SiO 2 . Next, as for pure SiO 2 , the subsequent evolution of the phase shift toward a positive value indicates trapping of the electrons, but the ∞ is 3 times higher in Ge-doped silica. In addition it should be noted that the time to get a positive phase shift is significantly smaller in Ge-doped SiO 2 . This indicates that electrons trapping time τ tr is significantly smaller.
Furthermore, if we assume in first approximation that the contributions from Si and Ge are just additive, we can note that performing the spectrum difference between the phase shift for pure silica and from Ge-doped silica, and we record the change in the phase shift under doping. This is the full-line curve called difference that is shown in Fig. 1 .
C. Intensity dependence
Figures 2 and 3 present the change of
∞ with the incident-peak intensity I at 800 nm (ω = 1.55 eV) in, respectively, pure SiO 2 and Ge-doped SiO 2 glasses for 1.5 ps after the pulse maximum. Noticeably, below 20 TW/cm 2 , ∞ is observed to vary as I 6 in SiO 2 . 12, 13 In contrast the ∞ is observed to vary as I 5 in Ge-doped SiO 2 (as shown in Fig. 3 ). In addition the efficiency is significantly higher in Ge-doped SiO 2 . Finally, above 20 TW/cm 2 , we can observe a saturation effect. Notice that if this density is not too high, ∞ is directly proportional to N tr ( ∞ ∝ N tr ). 20
IV. DISCUSSION
A. Laser intensity dependence (Figs. 2 and 3)
Slope change
At first, it is likely that the slope's behavior is caused by the order of the nonlinear process responsible for the injection of valence electrons in the lowest CB. Indeed, in the MPI regime, the rate is σ k I k ρ at , where σ k is the MPA coefficient for absorption of k photons and ρ at is the density at the top of the VB: i.e., 2.2 × 10 22 /cm 3 and N tr ∼ σ I N 0 . The number of photons required is determined by the smallest k, which satisfies the relation k.hω > E g (forbidden gap of the dielectrics). At low intensity [<20 TW/cm 2 in SiO 2 ; i.e., below the optical breakdown (OB) threshold, 24 ∞ is shown to vary as I 6 in SiO 2 , so we concluded an underpinning six photon absorption process in agreement with Refs. 12 and 13, which is consistent with the fact that the bandgap in SiO 2 is equal to 9 eV (6ω = 9.3 eV E g (SiO 2 ) ≈ 9 eV). This strongly indicates that the dominant excitation process in this intensity range is MPI at least up to the OB threshold because there is another possibility with lower nonlinearity. Indeed, depending on the laser wavelength and intensity, there are two different regimes of photo-ionization: MPI and tunneling ionization that scales more weakly with the laser intensity.
In the same manner we can likely consider a five photon absorption process in 4.9w% Ge-doped SiO 2 . This is in agreement with literature where the bandgap of strongly Ge-doped glass is "shown" to be around 7.1 eV 25 (5ω = 7.75 eV > E g (Ge:SiO 2 ) ≈ 7.1 eV). In fact this apparent absorption edge in the Ge-doped SiO 2 is determined in part by preexisting absorption of defects' centers such as GeODC(I) that absorb strongly around 7.6 eV. 26 The presence of additional near-edge absorption extends the apparent absorption edge tail and decreases MPI slope. In addition Smelser et al. 27 have reported that the initial slope of the permanent refractive-index change writing kinetics in Ge-doped optical fibers follows an I 5 evolution with the laser intensity indicating a five photons absorption process. Then, due to a higher MPA coefficient (σ 5 = 1.8 10 −55 s −1 cm 10 W −5 ) for Ge-doped silica (σ 6 = 4.5 10 −69 s −1 cm 12 W −6 in SiO 2 ), this leads to a slightly higher excitation density (σ 5 I 5 is two times higher than σ 6 I 6 ) when compared to silica, 21 at least for "low" laser intensity (below 60 TW/cm 2 ), which is in agreement with our observations. 1
Saturation effect
Above the OB threshold (defined previously), we observe, in agreement with Refs. 12 and 13, a saturation effect that could suggest a change in the ionization regime. Indeed, depending on the laser wavelength and intensity, there are two different regimes of photo-ionization: MPI and tunneling ionization that scales more weakly with the laser intensity. The transition between MPI and tunneling ionization was expressed by Keldysh. 15 When the so-called Keldysh parameter γ is greater than 1.5 (for "low" intensity), photo-ionization is a MPI, whereas when γ < 1.5 (high intensity) we are in tunneling regime. This is well modeled in Ref. 14. In addition, at this intensity range, the occurrence of electronic avalanche, due to strong heating of the conduction electrons, cannot be excluded. Stuart et al. 28 developed a model of avalanche ionization in which the avalanche rate depends linearly on the laser intensity (i.e., η = αI , where α is the avalanche-ionization coefficient). On the other hand Thornber et al. 29 predict an avalanche rate that depends on the square root of the laser intensity. However, playing with the pulse duration in order to clarify the role of avalanche ionization, we have found no evidence of avalanche in previous work, 12 and these results have been confirmed be more recent experiments. 13 In principle we could try to use our plasma measurements' dependence with the laser intensity to distinguish between the two ionization mechanisms. However, we would like to point out that the experimentally determined carrier densities are only correct under the assumption of a homogeneous excitation profile inside the sample (along the propagation direction). Detailed investigation of carrier density and beam propagation at intensities above and below the OB threshold 12, 13 showed that for short pulses the critical plasma density (∼1.7.10 21 /cm 3 at 800 nm) can be generated during the beginning of the pulse, leading to both strong absorption and reflectivity of the pump pulse. In this regime the excitation density keeps increasing with intensity only within a thinner layer of material and this leads, thus, to saturation effect elsewhere. Therefore, we conclude that under our experimental conditions the spatial averaging totally masks possibility of more localized high intensities.
To summarize, above 20 TW/cm 2 (OB threshold in silica) the occurrence of tunneling or avalanche ionization cannot be excluded. Indeed, as already mentioned, for short pulses and around the OB threshold the excitation density is strongly inhomogeneous, decreasing by almost two orders of magnitude in a few microns. Since the dephasing of the probe pulse is integrated over several μm, a change in the ionization mechanism-from multiphoton to tunneling, for instance-occurring within the head of the laser track (i.e., where the intensity is the highest) cannot be excluded.
B. Trapping kinetics: a comparison between silica and Ge-doped silica
For the sake of clarity, we will present here an approximate expression that estimates the phase shift φ, within an order of magnitude 20 and which is more convenient to identify the contribution of each effect-a principle of summation of contributions is assumed. It is based on the following mechanism simplification: during the pulse X where lE and hE correspond to electrons near the bottom of the CB and more excited electrons, respectively; VB is for valence band; X is a regular site of glass near the oxygen atoms; and X + is the corresponding self-trapped hole (STh), i.e., an electron and a hole in interaction. Self-trapped excitons (STE) are formed in less than one ps. Indeed, it is now well known that ionizing radiation produces STE in SiO 2 . [30] [31] [32] [33] [34] In SiO 2 , besides radiative recombination, they may relax into SiE and NBOHC, 19 labeled previously as defects. The production of permanents' defects is less than 1% of the regular relaxation. 17 However, since both would be formed a few ns after the excitation and probe pulses, they are not seen in the present experiment since measurements are taken during the first picoseconds. The experiment therefore neglects the actual possibility for STE to generate defects such as SiODC that can potentially act as further electron sources and Si-ODC + centers as trapping sites. We have checked their contribution; however, by performing the measurement after 2 × 10 4 pulses, these contributions were not detected. Further, we did not detect any difference between Infrasil or Suprasil silica, 35 which indicates that if these defects are generated they play a negligible role at this concentration level.
In the kinetics scheme the density of excitations and the Coulomb force between electron and hole, along with the absence of sufficient existing traps and e donors in silica, leads to consider that they are interdependent and hence can be considered as a single species. Then the scheme can be further reduced to In the following we call N 0 the background atom density (2.2.10 22 /cm 3 in silica), N CB is the concentration of electronhole pairs, N tr is the concentration of STE, and we note with σ 6 the 6 photons' absorption cross-section (MPI contribution) over a trapping time τ . Then, based on the previously mentioned mechanism, we get the following overall rate equation:
These equations are one-order equations or exponential kinetics. The first equation can be solved easily, and it gives N CB (t) = N 0 σ 6 exp(− t τ ) t 0 I (t ) 6 exp(− t τ )dt . Then, the second equation can be solved in turn, and we get N tr (t) = 1 τ t 0 N CB (t )dt . We note that N CB can be seen as a broadening of the I (t) 6 function on the long-time side, whereas N tr is the total number of electrons that has been excited.
Therefore considering the scheme for pure silica, we can speculate the following for Ge-doped silica: , where X(Si) and X(Ge) means sites around oxygen near Si and Ge, respectively. The reaction constant of the second equation is probably larger than the first one as the excitation of an electron from VB to Ge 4s-p orbitals needs only 5 photons, but, on the contrary, the X(Ge) density is 10 times smaller than X(Si) density. On the other hand the trapping rate on a X(Ge) containing hole is probably faster, as shown later.
As the excitation density is not large enough to consider two excitations at the same location, electron-hole pairs can be considered again as preserved entities. So, we can speculate that the kinetics around Si or around Ge are independent. Calling N CBSi , N CBGe , N trSi , and N trGe the concentration of the different entities, we get simply
It is worth noticing that σ 5 contains the molar fraction of Ge as the number of electrons that can be potentially excited is restricted to Ge neighboring. The previously mentioned equations are one-order equations or exponential kinetics again. Those equations have been solved, as previously, for pure silica,
It should be noted that for a given trapping time, if we compare N CB /σ n I 0 n and N tr /σ n I 0 n , varying n, the shape does not change significantly nor the amplitude.
C. Trapping electrons' density: a comparison between silica and Ge-doped silica
Now consider each species and their contribution to dielectric constant, index, or phase shift.
The corresponding dielectric function for CB electrons is 20
where 1/τ e−p stands for the electron-phonno coupling, with f CB being the oscillator strength of the intraband transitions and m * the electrons' effective mass within the CB. The "hole part" of the electron-hole species yield negligible contribution to the dielectric constant as its effective mass is much larger (typically 10 times higher) than the excited electrons. The index contribution is thus
The corresponding dielectric function for STEs is 20
where 1/τ tr is the width of STE transition, with f tr being the oscillator strength of the STE absorption band and ω tr the angular frequency of the STE absorption band. The index contribution is thus − e 2 2n 0 ε 0
• N tr f tr m STE ω 2 tr − ω 2 . As we look at the changes induced by the light, the normal electrons have not yet been considered specifically, but their polarizability changed under light. It is a nonlinear effect that is translated into Kerr effect. Index contribution is thus n 2 .I p (t), where I p (t) is the light intensity. This nonlinear-index n 2 -dependence on the Ge content will be as follows: n 2 10 −16 cm 2 /W = 2.76 + 0.0974.x, where x is the GeO 2 concentration in mol%. 23 
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Finally, collecting all the contributions, the phase shift can be rewritten as the following expression:
There is a summation rule for an isolated system, such that the sum of all oscillator strength f i for all possible transitions i is equal to unity.
To determine a precise value of f i for a particular wavelength would necessitate spectroscopic measurements of the absorption spectrum of excited carriers. Such measurement is unfortunately not available. Thus f CB is taken equal to 1 for the probe wavelength, which is an overestimated value. We should note anyway that in this model the absolute value of excited carriers can be deduced only if we know all oscillator strengths and all effective masses. Since in the present work we are more interested in trapping kinetics and not the absolute value of excited-carrier densities, this simplifying hypothesis does not have any influence on the final result. m * is the electron-effective mass in the CB; for low energy electrons m * is close to 0.5.m, assuming a parabolic band. 36 However it has been shown that for higher electrons' energy, this value increases and follows a trend to saturation around m. In addition an averaging is made on the electrons according to their kinetics energy. 14 In the following we will thus assume that m * = m, and we will consider similar values in silica and Ge-doped silica. From the literature an energy of 4.6 eV and 5.6 eV are commonly associated to ω trSi for amorphous pure silica. 31, 34 In the case of Ge-doped silica we found a transient absorption band related to a STE at an energy of 4.1 eV associated to ω trGe . 34 Practically, we will consider in each case only the dominant term, i.e., the one which is the closest to resonant transitions for our probe wavelengths. In this model the optical absorption spectra associated with electrons trapped in the band gap are represented by single absorption lines. In other words, f trSi and f trGe must also be considered as an adjustable effective parameter because, at least in principle, several transitions with different probabilities are possible. The MPA coefficients σ 6 and σ 5 will be also considered as adjustable parameters but within the data range already reported in the literature. 14 First, we simulated the SiO 2 curve using Eq. (1) with three adjustable parameters (f trSi ,τ trSi , and σ 6 ) and without the terms related to the presence of Germanium. The fit is shown in Fig. 3 (left side). We found electron-trapping time τ tr of 155 ± 5 fs and an oscillator strength around 0.3 ± 0.1, in agreement with previous publication. 20 Next, we have fixed those parameters, and we simulated the Ge-doped curve using Eq. (1) with "only" three adjustable parameters (f trGe ,τ trGe , and σ 5 ), as shown in Fig. 4 . Finally, we can see the experimental difference and its accurate simulation in Fig. 5 , which reproduces quite well the frequency but also the amplitude for long-time delay.
In Table I we present a summary of the set of parameters that fits satisfactorily the measured phase shifts in Fig. 1 .
From the simulation (fit of the difference shown in Fig. 5 ) we obtain thus a density N trSi around 10 19 cm −3 close to the OB threshold in pure silica. As contributions from Si and Ge are just additive, we can note that performing the spectrum difference between the phase shift for pure silica and from Gedoped silica, and we record the change in the phase shift under doping. Furthermore, if we assume in first approximation that silica constants are not changed significantly by the doping, we can deduce the parameters attached to Ge and then compare the concentrations of the different species. Finally we found that the density N trGe is around 2.2.10 19 cm −3 in Ge-doped silica. From the simulation procedure described previously, we can extract the average electron-trapping time τ tr . We found 155 ± 5 fs in pure silica and only 75 ± 5 fs in slightly Ge-doped silica. Surprisingly, doping SiO 2 with a few% of GeO 2 leads to a significantly faster electron-trapping time when compared to pure SiO 2 . An initial idea to explain the faster trapping kinetics could be to think in terms of shorter electron-hole distances in Ge-doped silica, as described in Ref. 20 . Knowing exactly the minimum electron-hole distance necessary to prevent the trapping of an electron by a hole is a difficult task, but as a first approximation, one can use the following simple arguments. When an electron-hole pair is created by the pump pulse, there is Coulomb attraction until they are sufficiently far apart. In order to estimate the distance necessary for the carriers to avoid recombination, one can take the distance (r c ) at which the Coulomb energy becomes equal to the thermal energy ∼3/2 kT. One finds r c (SiO 2 ) = 95Å and r c (10w% Ge-doped SiO 2 ) = 100Å for T = 300 K. It can be concluded, therefore, that this simple approach does not explain the observations. We have thus to consider that there is an additional trapping center involving Ge atoms (Ge→Ge (1)). Notice that Ge atoms' density (typically a few 10 21 /cm 3 ) is of the same order of magnitude as the typical plasma density induced in our conditions. This additional pathway together with the lower Ge-O bond strength explain the significantly faster trapping when compared to undoped silica.
V. CONCLUSION
In summary we have investigated electronic plasma induced by a focused single femtosecond-laser pulse in both synthetic pure silica and Ge-doped silica.
We first measured both density of excitation and the STE trapping kinetic by use of the interference pattern for various laser intensities ranging over (1-60) TW/cm 2 . The measured mean value N STE is of the order of N STE , approximately a few 10 19 cm −3 in both pure silica and Ge-doped silica. To extract more accurate values, further experiments to probe the plasmadensity distribution along the laser-propagation direction are planned using perpendicular pump-probe geometry.
The mean-trapping time of electrons excited in the CB was found to be significantly lower in Ge-doped silica (τ tr ≈ 75 ± 5 fs) when compared to pure silica (τ tr ≈ 155 ± 5 fs). At our concentration level, this indicates that the plasma properties are determined by the presence of easily ionizable states such as the presence of Ge atoms in the glass network. Therefore, we suggest that in Ge-doped silica there exists an additional trapping pathway that leads to a significantly faster trapping when compared to undoped silica. Future experiments will be dedicated to study the Ge-doping influence from 0.1w% up to 30w%. We expect a significant decrease in the average trapping time due to the additional trapping pathways such as the formation of germanium-electron centers.
The results produced here have provided key insights into possible mechanisms underpinning the irradiation of glass with high-intensity, ultra-short pulses of light. In our experimental conditions MPA is the dominant excitation mechanism up to breakdown threshold, and then a saturation arises due to the formation of a dense plasma, which both strongly absorbs and reflects the remaining laser pulse at the close vicinity of the surface. Thus we do not exclude that tunneling ionization and impact ionization may occur at the highest intensity and within a thin layer beneath the surface. These insights provide a microscopic basis for tailoring and possibly optimizing the processing conditions used to fabricate practical devices in silica and doped silica using such lasers.
